ABSTRACT In this paper, high-order orbital angular momentum (OAM) vortex beams (OAMVBs) are generated using reflective metasurface. Generating high-order OAMVBs using traditional reflective metasurface methods deteriorates the radiation performance that affects the mode purity of OAMVBs. A reflective metasurface is proposed to generate the OAMVBs with l = 4 mode at the designed frequency of 6 GHz. It is revealed that the radiation performance has been improved and mode purity for l = 4 is increased 12.6% by using quarter wavelength unit cell and circular aperture metasurface as compared to the conventional metasurface at the designed frequency. Moreover, the reflective metasurface can generate the OAMVBs with l = 4 mode from 5 GHz to 7.5 GHz. The measured gain is 17.93 dBi which agrees well with the simulated gain.
I. INTRODUCTION
It was discovered in 1992 [1] that light can carry orbital angular momentum (OAM). Since then, much interests have been shown in OAM vortex beams (OAMVBs) and its generation [2] - [5] . The concept of OAM in microwave frequency was first introduced in 2007 and a simulated experiment was conducted to generate OAMVBs by using phased array antennas [6] . In 2010, utilizing a phased array antenna, the systematic study was carried out to generate OAMVBs [7] . Till now, many techniques have been introduced to generate OAMVBs for radio frequency such as holographic plates [8] , circular traveling-wave antenna [9] and spiral phase plate (SPP) [10] .
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Recently, reflective metasurface has drawn much interest due to its quality to manipulate electromagnetic waves for OAMVBs applications [12] , [14] - [24] and focused beam applications [25] - [28] . In order to achieve the required phase distribution on metasurface, the technique of element rotation [11] and element variable size [12] or the combination of these techniques [13] can be used. In 2011, optical vortices were generated by using metasurface [14] . Later, various metasurface based designs are introduced to generate OAMVBs at radio frequencies [12] , [15] - [19] . In [20] , a metasurface consists of azimuthally continuous loops has been designed to improve the efficiency of OAMVBs for l = 2 mode by achieving the smooth E-field phase pattern. In [21] , high quality OAMVBs beams are generated using quasi-continuous metasurface. Phase-engineered metalenses designs are proposed in [22] to generate non-diffractive and converging OAMVBs. However, these studies are based on lower modes of OAMVBs and the bandwidth of these models are narrow. Till now, most of the antenna prototypes are designed for l = 1&2 modes of OAMVBs. Moreover, the issues related to the generation of higher order OAMVBs are still considered an unexplored area. The generation of higher modes of OAMVBs using reflective metasurface encounters the issue of appearing undesired lobes between two radiation peaks of OAMVBs [23] . Due to these undesired lobes, the radiation efficiency and mode purity of higher modes of OAMVBs deteriorate. Along with the issue of undesired lobes in higher modes of OAMVBs, the diameter of reflective metasurface has a significant effect on OAMVBs modes. With small diameters, it is hard to realize higher modes of OAMVBs [24] .
In this paper, firstly, we investigate the issues of higher modes of OAMVBs. Different simulation models have been chosen to test the mode purity of higher modes. We first provide a detailed comparison of these models. Secondly, based on the mode purity results, the suitable model to generate higher modes of OAMVBs is proposed. Finally, a prototype to generate OAMVBs with l = 4 mode is fabricated and experimentally validated to demonstrate the competence of our proposed model.
II. RADIATION PERFORMANCE OF OAMVBS
To investigate the radiation performance of OAMVBs through reflective metasurface, we established a case in which the reflective metasurface is excited by wave with spherical wavefronts generated from a source antenna (e.g. horn antenna). We also established a mathematical model to analyze the radiation performance of OAMVBs by using the Matlab tool and later it is verified by HFSS based full-wave simulation and prototype measurement.
A. UNIT CELL ELEMENT DESIGN
In this paper, the proposed unit cell is analyzed with two different sizes. One is quarter wavelength unit cell with element periodicity of 12.5 mm and other is half wavelength unit cell having a periodicity of 25mm at the design frequency of 6 GHz. The structure of quarter wavelength unit cell and half wavelength unit cell is the same and shown in fig. 1 . The unit cell is dual polarized due to the symmetric structure. The model of the unit cell consists of single layer metallic patch of a cross dipole, four square patches, and a loop, which are printed on one side of 1mm thick F4b (ε r = 2.2, tanδ = 0.003) material. The combination of three kinds of elements helps to realize multi-resonance structure and hence, 360 • phase range is achieved within quarter wavelength size of the unit cell. There is an air-gap of 4 mm between the substrate and metal ground. The dimension of the printed patch of unit cell element are (all in mm):
Geometry of the proposed unit cell. HFSS 2019 is used to analyze the unit cell with periodic boundary conditions. The phase response of quarter wavelength unit cell and half wavelength unit cell from 5 GHz to 7.5 GHz are shown in fig. 2 . A 360 • phase range is achieved for quarter wavelength unit cell by changing L from 5 mm to 12mm at 6 GHz. For half wavelength unit cell, the same element of fig. 1 is used with element periodicity of 25 mm and L is varied from 5 mm to 24 mm to achieve 720 • phase range at 6 GHz. Although the phase range of the half wavelength unit cell is double than that of the quarter wavelength unit cell, the phase curves of quarter wavelength element are quite linear and parallel to each other as compared to half wavelength unit cell, which makes it more suitable for wideband operation. Therefore, the operational bandwidth of OAMVBs can be improved significantly by using subwavelength unit cell instead of half wavelength unit cell.
B. EFFECT OF UNIT CELL SIZE AND APERTURE SHAPE
The OAMVBs modes are denoted by l which can take any integer value. For design, initially, we consider a square aperture reflective metasurface consists of half wavelength unit cell at the design frequency of 6 GHz. The size of the metasurface is 10λ. The number of elements on the metasurface is 20 × 20. The distance between metasurface and phase center of the feed is selected to be 425 mm. To generate OAMVBs in a desired directionû 0 , the required phase shift for each element at reflective metasurface can be calculated by:
where ϕ c mn is the phase compensation that is required for the mn th element on metasurface to generate OAMVBs, ϕ mn is the azimuth angle corresponding to mn th element, r f is the position vector of feed illuminating the elements, r mn is the mn th element position vector and k 0 is propagation constant in a vacuum. The electric field reradiated from the reflective metasurface in the arbitrary directionû can be obtained by: (2) where the feed pattern function is denoted by F and the element pattern function of the reflective metasurface is denoted by A for which an isotopic element pattern is considered [29] . M and N are the number of elements in x and y directions, respectively. The phase delay distributions to generate l = 1&2 modes of OAMVBs are shown in fig. 3 (a) and corresponding radiation patterns in uv-plane (u = sinθ · cosφ, v = sinθ · sinφ) are shown in fig. 3 (b). It is clear that l = 1&2 modes are generated with no energy is being radiated at θ = 0 and the doughnut shape 3D radiation pattern is achieved which is the desired characteristic of OAMVBs.
Next, radiation patterns for l = 3, 4&5 modes are calculated using array theory and its 2D patterns are shown in fig. 4 . In order to clarify the issue, a parameter SLO is defined as a side lobe level which is appeared between the radiation peaks at θ = 0. It is obvious in fig. 4 that the higher value of SLO is observed for higher modes of OAMVBs using square shape reflective metasurface. Particularly for l = 4 mode, we can see a higher SLO with −12 dBi. This may affect the mode purity of OAMVBs.
To verify this phenomenon an HFSS based full wave simulation is performed with the same specification as defined earlier. A half wavelength unit cell is used in reflective metasurface to generate OAMVBs with l = 4 mode. The 2D radiation pattern for l = 4 mode is shown in figure 5 (a) . A similar higher value of SLO is observed in HFSS based model too. The corresponding mode purity of the generated OAMVB has also been calculated through simulated phase distribution. The E-field phase distribution is observed in the near field region at the distance of 2 m from the metasurface. The size of the test plane is 120 × 120 cm 2 and the radius of reception aperture is calculated using the angle of peak gain (maximum intensity) of OAMVBs. The angle of peak gain is 10
• as shown in figure 5 (a) . Therefore, at a distance of 2 m, the radius of the reception aperture is 35 cm. Since azimuth angle ϕ is periodic function so the OAM spectrum is calculated by taking Fourier conjugate of ϕ. The relationship VOLUME 7, 2019 between the OAM spectrum (A l ) and sampling phase ψ(ϕ) is given by [30] :
According to the size of the reception aperture, the sampling phase is extracted. The mode purity of OAMVB is calculated by normalizing each OAMVB mode spectrum to the total spectrum of all OAMVBs modes as shown in equation (4):
The mode purity of 87% is achieved for l = 4 mode using half wavelength element in a square aperture metasurface as shown in fig 5 (b) . In order to observe the effect of unit cell size on radiation performance and mode purity of OAMVBs, the quarter wavelength unit cell is used in metasurface to generate l = 4 mode. Other design specifications of simulation environment remain the same. Now, the number of elements in reflective metasurface is 40×40. The HFSS based full wave simulation is performed. The 2D radiation pattern for l = 4 mode and the corresponding mode purity results are shown in fig. 5 (c) and fig. 5 (d) , respectively. It can be seen that the undesired SLO is still observed. The quarter wavelength unit cell has no effect on SLO for l = 4 mode, however, a 5.7% increase in mode purity is observed with square aperture.
A circular aperture reflective metasurface is analyzed to see the effect of aperture shape on mode purity and radiation performance of OAMVBs for high order modes. The diameter of the reflective metasurface is selected to be 10λ and the size of the unit cell is quarter wavelength at 6 GHz. The distance from the phase center of the feed to metasurface is 425 mm. The 2D analytical radiation patterns are calculated for l = 3, 4&5 modes as shown in fig. 6 . It can be seen that no SLO appears in OAMVBs for l = 3, 4&5 modes. An energy null has been achieved at θ = 0 for higher modes of OAMVBs by using reflective metasurface with a circular aperture. To verify it, an HFSS based full wave simulation for l = 4 mode is also performed. The full-wave simulated radiation pattern for l = 4 mode and corresponding mode purity results are shown in fig. 7 . The similar energy null at θ = 0 with less than −22 dB SLO has been observed that is a required property of an OAMVB. Moreover, the mode purity has reached up to 98% for l = 4 mode as shown in fig. 7(b) .
It shows that a reflective metasurface with circular aperture and quarter wavelength unit cell can be efficiently used to generate higher order OAMVBs as compared to the traditional method of generating OAMVBs with half wavelength unit cell and square aperture reflective metasurface. The proposed method can be used to eliminate SLO and improve the mode purity of OAMVBs for higher modes. By adopting this method, a 12.6% increase in mode purity is achieved for l = 4 mode.
III. DESIGN AND MEASUREMENT OF METASURFACE
Based on the quarter wavelength element phase response, a reflective metasurface with a circular aperture of size 15λ has been designed to generate OAMVBs for l = 4 mode at 6 GHz. The objective phase distribution of circular aperture metasurface is shown in fig. 8 (a) . The corresponding mask of the reflective metasurface is shown in fig. 8 (b) .
A horn with a circularly polarized incident wave is used to excite the reflective metasurface. The distance between the phase center of the horn and reflective metasurface is 64 cm. The reflective metasurface generating OAMVBs is analyzed by using HFSS based full-wave electromagnetic simulation. Fig. 9 shows the far field 2D and 3D radiation pattern for l = 4 mode. It is observed that the OAMVB with −21 dBi SLO is successfully generated at 6 GHz. Moreover, the simulated gain is 18.4 dBi. In order to calculate the E-field phase distribution of OAMVBs with l = 4 mode, a test plane is taken at z= 2 m with the size of 120 × 120 cm. Fig. 10 shows the simulated E-field phase distribution at 6 GHz. The E-field phase distribution shows a change of 1440 • (4 × 360 • ) . Fig. 11 and  fig. 12 show the simulated far-field 3D radiation patterns at 5 GHz and 7.5 GHz and their corresponding phase distributions on the test plane in the near field region. The doughnut shape 3D far-field patterns and smooth phase distributions for l = 4 mode are observed from 5 GHz to 7.5 GHz.
The mode purity test is performed to judge the mode purity of our proposed model with conventional model (square aperture with half wavelength unit cell) at 5 GHz and 7.5 GHz. A square aperture reflective metasurface consists of half wavelength unit cell is designed to generate OAMVBs with l = 4 mode. The aperture size is 15λ. This design is used as a reference for comparison with the proposed design. Fig. 13 provides the comparison of mode purity results for the proposed model (circular aperture with quarter wavelength unit cell) with the conventional model (square aperture with half wavelength unit cell) at 5 GHz and 7.5 GHz. The proposed model has improved the mode purity by 152% at 5 GHz and 188% at 7.5 GHz as compared with the conventional model.
Based on these results a prototype for l = 4 mode has been fabricated and tested. Several cylindrical (4 mm) nylon spacers are used to maintain an air gap of 4mm between the ground and substrate of the metasurface. The measuring environment of the prototype is shown in fig. 14 . Near-field scanning technique is used to measure the prototype. The reflective metasurface is excited using a horn antenna with the circularly polarized incident wave. Due to the limitation of measuring probe, it is measured from 5.85 GHz to 7.5 GHz.
The measured E-field characteristics at the designed frequency of 6 GHz are shown in fig. 15. Fig 15 (a) FIGURE 13 . Simulated mode purity of OAMVBs for the proposed metasurface at (a) 5 GHz, (b) 7.5 GHz, and conventional metasurface at (c) 5 GHz, (d) 7.5 GHz. FIGURE 14. Near field measurement system configuration for the proposed OAMVB metasurface prototype. shows the measured E-field magnitude that comprises a doughnut-shaped pattern which is the desired property of OAMVBs. The measured E-field phase distribution is shown in fig. 15 (b) . The E-field phase distribution is also similar to the simulated phase distribution in which phase variation is 1440 • (4 × 360 • ) that also holds the property of OAMVBs for The comparison of simulated and measured normalized 2D radiation patterns for l = 4 mode at 6 GHz is shown in fig. 17 . The simulated and measured radiation patterns closely resemble from θ = −15 • to θ = +15 • . Fig. 18 shows the measured gain. The gain measured at 6 GHz is 17.93 dBi. The difference between simulated and measured gain is 0.47 dB which may be due to the fabrication errors and inaccurate feed alignment. The proposed reflective metasurface is designed to generate OAMVBs so in this case, operational OAM bandwidth is calculated on the basis of the characteristics of the vortex beam and corresponding mode purity. As, the wavefronts of the vortex beam is usually not uniform, so in this case, researchers usually calculate operational OAM bandwidth instead of 1-dB gain bandwidth [18] , [31] . The proposed reflective metasurface has an ability to generate l = 4 mode with 42% operational OAM bandwidth from 5 GHz to 7.5 GHz with a single layer structure. The closely spaced quarter wavelength elements and circular aperture of the metasurface play important role to achieve wideband performance. Table. 1 gives a comparison between the existing OAM reflective metasurface and the proposed reflective metasurface. The capability of the proposed model to achieve better radiation performance and mode purity for higher modes of OAMVBs is also evident from this comparison.
IV. CONCLUSION
The radiation performance of a reflective metasurface with circular aperture and quarter wavelength unit cell is investigated to generate high order OAMVBs, efficiently. It is revealed that the size of the unit cell and aperture shape has a direct influence on mode purity of high-order OAMVBs. The proposed metasurface (circular aperture with quarter wavelength unit cell) has shown improvement in the mode purity as compared to traditional reflective metasurface (square aperture with half wavelength unit cell). This improvement is 12.6% at the designed frequency of 6 GHz, 152% at 5 GHz and 188% at 7.5 GHz for l = 4 mode. Significant improvement in mode purity at extreme frequencies depicts broadband performance of the proposed metasurface. A prototype is designed, fabricated and tested. The proposed model has better radiation performance and has an ability to generate high-mode OAMVBs with high mode purity over a broad bandwidth. 
